Study region: Western suburb of Changsha, Hunan Province, the central southern China. Study focus: Plant transpiration plays a significant role in the terrestrial water cycle and is closely associated with ecosystem primary production. Summer drought in the study area poses a stress on plant water use and associated carbon assimilation in growing season. In this study, water use response of two evergreen tree species to variation in environmental conditions was examined during a severe summer drought.
Introduction
Forests store 45% of terrestrial carbon and sequester a large amount of carbon annually (Bonan, 2008) . Droughts, especially longer droughts and heat waves, impact tree mortality, reduce global net primary production (Zhao and Running, 2010) , and may even cause ecosystem restructuring (McDowell et al., 2008) . For example, wide spread forest mortality in tropical forests during droughts has been reported leading to a change from a net carbon sink into a large carbon source (Lewis, 2006; Phillips et al., 2009 ).
Climate change is likely to see an increase in frequency and severity of extreme droughts, high temperature and heat waves (Saxe et al., 2001; Sterl et al., 2008; Allen et al., 2010; Dai, 2012) . Droughts, which are often accompanied with high temperature, have important consequences on tree growth and survival. Tree mortality occurs frequently in arid and semiarid regions during droughts (McDowell et al., 2008) . Recent studies suggest that drought impacts also occur in tropical, subtropical and temperate regions (Kocher et al., 2009; Allen et al., 2010; McDowell et al., 2011) .
Several mechanisms have been proposed in the literature regarding how trees respond to droughts. Among them, hydraulic failure and carbon starvation are two widely accepted mechanisms (McDowell et al., 2008; Anderegg and Callaway, 2012; Hartmann et al., 2013) . Under drought stress, trees of different functional types have different mechanisms to find a balance between maintaining photosynthesis and reducing transpiration to avoid xylem embolisms. McDowell et al. (2008) demonstrate that different mechanisms can lead to contrasting mortality during a severe multiple-year drought, which may further result in changes in tree species composition.
Droughts, especially those in summer growing season, often occur in the central southern China. Previous studies on forest trees in this area were focused on photosynthesis (Tian et al., 2004; Zhang et al., 2014) , variation of vegetation index (Jiang et al., 2011; Guo et al., 2015) . However, no studies have examined plant water use in response to drought stress in this subtropical environment. With this knowledge gap, we investigate whole tree water use and short-term regulation mechanisms for two common tree species (Cinnamomum camphora and Osmanthus fragrans) in Hunan Province, the central southern China.
This study aims at understanding the response of tree water use to droughts in the subtropical monsoon area in the central southern China. The primary objectives are (1) to examine the response of tree water use to variations of vapor pressure deficit (VPD) and root-zone water potential in a summer drought, and (2) to investigate water use strategies and drought response mechanisms of the selected tree species. The study is based on field measurements performed during a severe summer drought in 2013. The result will improve our understanding of the drought tolerance and short-term strategies in coping with droughts for the studied tree species.
The study site and measurements

The study site
The study site is located in the western suburb of Changsha in the central southern China (28 • 09 46 N, 112 • 53 20 E, 70 m above sea level). It is characterized with a humid subtropical monsoon climate, with a mean annual precipitation of 1360 mm and mean annual temperature of 17.2 • C. Resulting from different air mass influences in the summer monsoon season, precipitation distributes unevenly between months, often leading to high temperature and low precipitation in midsummer.
The field experiments were conducted from April to October of 2013. A severe drought with frequent high temperatures occurred from 1th July to 18th August, 2013 in the study area. It had the lowest midsummer precipitation and highest air temperature in the recent four decades (Fig. 1) . The 2013 midsummer high temperature and drought have been most severe since 1951 (Luo and Li, 2014) . This drought provided a good climatic setting to perform the experiments for this study.
Two subtropical evergreen species (O. fragrans and C. camphora) were selected for this study. The two species are common native species widely distributed to the south of Yangtze River in China. Physiological characteristics of sample trees are listed in Table 1 . The O. fragrans sample trees are part of a 1500 m 2 plantation established on previous cropland in 2003, and the C. camphora trees grow in a natural grove on a nearby hill.
Measurement of sap flow
Eight sets of heat-pulse sap flow sensors (SFM1, ICT International Pty Ltd., Australia) were used to monitor sap flow of all four sample trees. For each tree, the south and north sides of the trunk were respectively installed with three 35-mm probes (two temperature measurement probes installed at 5 mm above and below the heat probe) at a height of 1.3 m above ground. Two temperature measurement points in each of the two probes were posited in sapwood to capture the sap flux. The probe sets and data logger were powered by a 12-V solar panel or one 12-V battery. The data were recorded at a 30-min interval. Right after the monitoring period, wood core samples were collected to identify the sapwood width, bark thickness, sapwood fresh and dry weight, and sapwood fresh volume. All these were used to calculate sap flow rates for each tree by the Sap Flow Tool (analysis and visualization of sap flow data, ICT International Pty Ltd.), based on the method described in Burgess and Adams (2001) . Transpiration (E c ) was converted from the sap flow rates by an effective area of each tree.
Measurement of stem water potential
Thermocouple stem psychrometers (PSY, ICT International Pty Ltd., Australia) developed by Dixon and Tyree (1984) , were used to measure stem water potential ( st ) for selected sample trees at a 30-min interval. Each set of PSY has two visible constantan thermocouples in its chamber. The one slightly extended above the chamber is designed to measure temperature at the sapwood surface; the inner one is to measure air temperature in the chamber, and the response of temperature following a cooling pulse. All these measured temperatures are used to calculate stem water potential. The stem psychrometer is attached to the stem by using a clamp to hold it in the position and is powered by a 12-V solar panel or a battery. The measurement range of PSY is from −0.01 to −10 MPa, with an accuracy of +/−0.01 MPa and a resolution of 0.002 MPa.
Recently, PSY has been applied in the studies on different species (Yang et al., 2012; Vandegehuchte et al., 2014; Wang et al., 2014) . These studies have shown that predawn water potential in the tree and root-zone soil very likely reaches an equilibration. So predawn stem water potential ( pd ) calculated from the average of st between 4:00 A.M. and 6:00 A.M. in this study is used to estimate root zone water potential.
Micrometeorological data
An automatic weather station (WeatherHawk-232, USA) was installed near the experimental site (approximately 10 m from the plantation site, and 150 m from the grove) measuring rainfall, air temperature, global radiation, relative humidity and wind speed data with a 30-min interval. Air temperature and relative humidity were used to calculate vapor pressure deficit.
In order to investigate potential difference in water use response during different phases of the experimental period, the analyses were performed for three sub-periods: pre-drought (19th April to 30th June), in-drought (1st July to 18th August) and post-drought (19th August to 13th October).
Statistical analysis
All statistical analyses were conducted with SPSS 13.0 software package (SPSS Inc., USA) to investigate the significance of difference. The relationship between E c and VPD, E c and pd was analyzed with non-linear regressions. All figures were produced with the Origin software package (OriginPro 9.0, OriginLab, USA).
Results and analysis
3.1. Plant water use of the two species during the whole experimental period During the experiment in 2013, rainfall mainly occurred from April to June (Fig. 2) . A summer drought developed from early July to 18th August, in company with an increasing VPD and air temperature. During this drought period with a 48-day dry spell, the daily mean air temperature was above 30 • C everyday. High temperature (daily maximum temperature ≥35 • C) continued over 42 days. In this context, the plantation owner applied irrigation for the O. fragrans trees on 10th August when VPD and temperature were very high. Fig. 3 shows the transpiration of all sample trees during the measurement period. The transpiration rates maintained relatively high values before July and reached the maximum transpiration rates during the early days of July which was likely due to adequate soil water supply and increasing evaporation demand. No remarkable difference in transpiration was observed among all sample trees during this period. But the difference in plant water use became obvious as the drought developed, and this difference persisted after the drought. For all sample trees, transpiration rates decreased with the drought progress, and came to the minimum values of the whole experimental period on 20th August (the end of the drought).
The transpiration rates of O. fragrans (Tree 1a and Tree 1b) decreased gradually in the drought period. A sudden increase in transpiration rates of two O. fragrans trees on 10th August was due to watering by the plantation owner on the same day (10th August). This quick response indicates that the drought had not caused significant hydraulic failure for O. fragrans. E c of O. fragrans began to decrease in company with a decrease in VPD and temperature on the second day after the irrigation. A dramatically decrease in transpiration rates occurred for C. camphora (Tree 2a and Tree 2b) during the severe summer drought, especially in July.
A significant difference in transpiration rates also occurred in the post-drought period (starting late August). For O. fragrans, its transpiration rates recovered quickly after rainfall, while the C. camphora trees experienced difficulty to recover from the drought. This should be due to the different drought impact on the two species. For O. fragrans, its transpiration rates were nearly as sensitive to VPD and stem water potential (Figs. 4 and 5) in the post-drought period as in the pre-drought To avoid the possible bias in the analysis resulting from the irrigation at the O. fragrans site, the Ec data of the two species from 10th to 18th August are excluded for a reasonable comparison between the two species during the in-drought period. Significance level shown in the panels with * for p < 0.01, and ** for p < 0.001. period, suggesting a negligible (or very weak) hydraulic influence from the drought. While for C. camphora, the sensitive to VPD and stem water potential reduced greatly in the post-drought period, and nearly 60-70% leaves were shed during the drought. This was the mainly reason for a lower and stagnant transpiration rates for C. camphora in the post-drought period. Due to the unexpected irrigation at the O. fragrans site, it is not appropriate to completely attribute the observed different post-drought responses to the different drought tolerance between the two species. Nevertheless, a steeper decreasing slope in Fig. 5 for transpiration of C. camphora than that of O. fragrans before the irrigation event, in company with similar predawn water potential decreasing slopes between the two species, indicates that C. camphora is hydraulically more sensitive to the drought.
Relationship between plant water use and VPD
Vapor pressure deficit is an environmental variable influencing evapotranspiration. It is reported that VPD can explain more than two-thirds of the daily transpiration variability in summer of a semiarid region of China (Du et al., 2011) . On one hand, VPD determines the hydraulic gradient from leaf to air, which enhances transpiration. On the other hand, to avoid quick water loss particularly under water stress, leaves reduce stomatal aperture and thus transpiration. Fig. 4 shows the daily transpiration response to VPD in the pre-drought, in-drought and post-drought periods. Global radiation during the three periods is shown as well. No significant difference in energy supply occurred between the predraught and post-drought periods. Energy supply in the in-drought period was, on average, higher than the other two periods. During the pre-drought period, E c was very sensitive to VPD with a positive correlation for all sample trees. An increase in E c , accompanied with a rising VPD, was very likely due to a sufficient soil water supply. O. fragrans and C. camphora show similar sensitivity (based on the coefficient of ln(VPD)) to VPD during this period.
During the period when the drought was developing, E c response to VPD was negative, indicating that the stomatal response to VPD had dominated over the VPD driving effect for transpiration. Fig. 4 shows that when VPD is over 1.75 kPa, the E c decreasing trend is significant for both species. This indicates that the trees were under significant stress likely from a combination of limited soil moisture supply and a high atmospheric demand. This 1.75 kPa in VPD seems to be a critical value of the E c -VPD relationship and is higher than the value (1.2 kPa) in drought condition reported in other studies (Poyatos et al., 2008; Chirino et al., 2011) . C. camphora appeared to be more sensitive to an increase in VPD than O. fragrans, but in an opposite direction as in the pre-drought period. O. fragrans was less sensitive and maintained 2.5 mm/day or above transpiration during the drought.
During the post-drought period, the E c -VPD relationship returned to be positive, suggesting a recovery from the drought. The best recovery occurred to O. fragrans, indicated from its close to pre-drought coefficient, while C. camphora lost the most positive VPD sensitivity after the drought indicating that the drought had caused significant problem (leaf shedding) for this species.
The response of plant water use to stem water potential
Plant water potential is a sensitive indicator for plant water status or water deficit (Fu et al., 2004; Nortes et al., 2005) . Given little difference in tree water use during the pre-drought period (Fig. 3) , the following analysis will focus on the in-drought and post-drought periods. During the in-drought period, a decrease in stem water potential was accompanied by a decrease in daily transpiration rate (Fig. 5) . The decreased stem water potential reflected increasing dryness in the root zone. Fig. 5 also shows similar predawn water potential (−2 to −2.5 MPa) at the deepest point of the drought between the plantation site (O. fragrans trees) and the natural grove (C. camphora trees), indicating similar soil moisture conditions although they grow in different places. This similarity allows us to compare water use strategies between the two different species.
The scatter plots between E c and pd shown in Fig. 6 further demonstrate the difference in water use response to drought between the two species. The E c decreased with a decrease in pd (Fig. 6) . At the beginning of the drought, both species transpired at high rates, with C. camphora having the highest E c value of more than 5 mm/day. Under water deficit conditions, a reduced E c occurred for both species, and it was more significant for C. camphora. The results from the fitted equations show the E c of C. camphora is more sensitive to pd than O. fragrans based on the coefficient 0.25 for O. fragrans and 0.58 for C. camphora.
Stem water potential fluctuates diurnally. It decreases in daytime due to transpiration, and rises during night time when transpiration stops. The gradient of st between day and night reflects the driver of plant absorbing moisture from soil. As Fig. 7 shows, the hydrodynamic water potential gradient, , remained relatively constant during the in-drought period as well as the pre-and post-drought periods for both two species. And values of O. fragrans were higher than C. camphora. The mean was 0.59 ± 0.16 (one standard deviation) MPa and 1.59 ± 0.19 MPa for C. camphora and O. fragrans, respectively. On one hand, stem water potential kept decreasing with the drying root zone soil during the drought (Fig. 5) suggests that the two species (O. fragrans and C. camphora) have the anisohydric nature (McDowell et al., 2008) at least down to a root zone water potential around −2.3 MPa. On the other hand, the relatively constant across the whole study period suggests these two species are isohydrodynamic for the examined range of water potential (down to −2.3 MPa) (Franks et al., 2007) . 
Discussion
Generally, water is not a limiting resource in humid subtropical ecosystems. However, plants can suffer water deficit once a (severe) seasonal drought happens in the ecosystems. Our data show different responses of plant water use to the drought between the two species. E c of O. fragrans experienced a gradual decline during the drought period while C. camphora showed a steep decrease in E c (Figs. 3-5 ). This result indicates that C. camphora is more sensitive to drought than O. fragrans. McDowell et al. (2008) reported that trees fall into two categories of stomatal regulation: isohydry and anisohydry. For the trees investigated in this study, both species appeared to be anisohydric, evident from stem water potential and/or sap flow measurements during the drought (Fig. 5 ), but to a different degree in response to the drought. The anisohydric nature poses a high risk of hydraulic failure during an intensive drought. Of the two studied species, we observed that C. camphora shed leaves during the severe drought. Leaf shedding is a common mechanism for many species in adaptation to drought (Tyree et al., 1993; Brodribb and Holbrook, 2003; Chaves et al., 2009; Piper, 2011) . Tree sheds leaves during drought to reduce transpiration. This mechanism prevents excessive water loss and a consequent hydraulic failure (see Figs. 3 and 5; Roberts, 2000) . Leaf shedding during a drought was beneficial for C. camphora to reduce E c and improve water status of the remaining leaves and subsequent survival from the drought.
Many researches have demonstrated that drought-induced leaf shedding is associated with xylem cavitation (Sobrado, 1986; Machado and Tyree, 1994) . Recovery and survival level from the drought also can be restricted by xylem cavitation.
For C. camphora, death of partial branches and whole shoots were observed after the drought. This irreversible damage also resulted in a relative low value of E c for C. camphora, despite recovery in plant water potential after the drought.
No dieback or leaf shedding was observed for O. fragrans trees before and after the watering event at the plantation site. During the summer drought, E c decreased despite a high transpiration demand in the atmosphere. Irrigation had increased the soil water supply for transpiration. E c of O. fragrans increased rapidly with the irrigation and subsequently reduced to the pre-watering level at the seventh day after the irrigation.
However, watering for the O. fragrans introduced some difference in soil moisture conditions between the two examined species. This difference leads to the minimum predawn stem water potential during the drought period for the O. fragrans trees about 0.2 MPa (Figs. 5 and 7) wetter than the C. camphora, which brings some ambiguities in comparing the drought response of the two species. Nevertheless, the difference in tree water use behavior, in terms of their response to VPD and pd , was still different regardless the watering event (Figs. 4 and 6) . The findings presented in the results section still hold when the data points post the watering event (about 9 days) are excluded in the analysis.
It should be noted that only two tree individuals were investigated per species in this study due to the limitation of resources. Nevertheless, both individuals of the same species showed very similar responses to environmental conditions, providing some confidence about the results. Future investigations should investigate more trees to further test the result found in this study.
Conclusion
In conclusion, this study examines the responses of plant water use to a severe drought and tree survival mechanisms by investigating the effects of meteorological variable (VPD) and root-zone water potential. The results show that a decrease in water use during the drought for two species is closely associated with an increase in VPD and a decrease in stem water potential. O. fragrans is less sensitive to these variables than C. camphora and maintains a relative high water use level.
The two species appear to be anisohydric, but to a different degree in response to the drought. The hydrodynamic water potential gradient ( ) maintains relatively constant with an average value of 0.59 MPa for C. camphora, and 1.59 MPa for O. fragrans. O. fragrans appears to be less sensitive to drought than C. camphora, while C. camphora develops an effective survival mechanism in drought via leaf shedding and dieback of shoots.
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